Graphical Abstract:
green emission with photoluminescence quantum yields of up to 74%. Efficient mixing of triplet and singlet excited states is observed, with sub-microsecond thermally activated radiative triplet lifetimes. These complexes provide prototype organic light-emitting diodes (OLEDs) based exclusively on silver emitters, with external quantum efficiencies of up to 14%.
Coinage metal complexes are noted for their ability to emit light by phosphorescence or thermally activated delayed fluorescence (TADF) mechanisms.
[1] We have recently reported the synthesis and properties of photoemissive complexes of the type (CAAC)MX (M = Cu, Ag, Au; X = halide, aryloxide or amide; CAAC = cyclic alkyl(amino) carbene), [2] [3] [4] with amide complexes (X = NPh2 or carbazolate) being particularly effective. [5] In these linear compounds the metal links CAAC carbene ligands with carbazolate (Cz) anions to give a rotationally flexible donor-metal-acceptor type structure. Using gold compounds ( Ad L)AuCz, organic light-emitting diodes (OLEDs) with near-100% internal quantum efficiencies at high brightness have been achieved. [5, 6] However, there are currently no examples of practical electroluminescence (EL) devices based on mononuclear silver. [7] Indeed, OLED devices based on 2 nd row metals in general are remarkably rare and characterized by low efficiency. [8] Here, we report silver complexes with sub-microsecond radiative triplet lifetimes and high performance in both solution and vacuum-deposited OLED devices.
Complexes 1 and 2 were readily obtained from ( Ad L)AgCl [3] and carbazole / NaO t Bu as off-white (1) or yellow (2) Hz, respectively) confirmed that the complexes do not undergo carbene ligand exchange. [9] Figure 1. Synthesis and crystal structures of 1 and 2·CH2Cl2. Ellipsoids are shown at 50% probability. Hydrogen atoms and CH2Cl2 molecule are omitted for clarity. For geometric parameters see Table 1 .
Single crystal X-ray diffraction of 1 and 2 confirmed the mononuclear two-coordinate geometry and the absence of significant intermolecular contacts. The C1(CAAC)···N2(Cz) distance is of prime importance since it is directly related to the HOMO-LUMO overlap, which impacts on the radiative rate and exchange energy of (carbene)metal amides; this distance is slightly longer for 1 (4.152 Å) than for 2 (4.125 Å). [5] and are only marginally affected by the nature of the metal. The peak-to-peak separation ΔEp is smaller for 2 (124 mV) than for 1 (185 mV), indicating higher stability of the reduced species of 2, potentially making it a more robust emitter under electrical excitation. The HOMO levels based on the onset of the first oxidation potentials are at -5.51 and -5.29 eV for 1 and 2, respectively. These values guide the identification of host materials for OLED fabrication. [10] The electronic structure of 1 and 2 has been evaluated using density-functional theory (DFT) for the ground state and time-dependent DFT (TD-DFT) [11] calculations for the excited states using the MN15 functional by Truhlar [12] in combination with def2-TZVP basis set by Ahlrichs. [13] [14] [15] The calculated S0 geometries are in good agreement with the crystal structures and the excited state energies suffer very little from the underestimation typical for TD-DFT. [16] Excitation involves a ligand-to-ligand charge transfer (LLCT) process from the carbazole to the carbene (SI, Figure S4 , Tables S3, S4 ). Vertical S0→S1 excitation of 1 and 2 is dominated by the HOMO → LUMO transition (98%). The HOMO is mostly located on the carbazole with ca. 5%
contribution from the silver atom, while the LUMO is centred on the Ccarbene p-orbital. The small d-orbital contributions are consistent with the insensitivity of the redox potentials of these compounds to the choice of metal. Distortion of the linear geometry was observed for the optimized S1 and T1 states: compared to S0, the C1-Ag-N2 angle is 6-8° smaller, while the C-N (CAAC) bond is elongated by 0.07-0.09 Å, with simultaneous shortening of C1-Ag and elongation of N1-Ag bonds. Calculations suggest that the optimized S1 structure is twisted by 41°
for silver complexes (compared to 66° for copper and nearly 90° for gold analogues at the same level of theory). The relaxed S1 energy is very weakly dependent on the dihedral angle, while T1 has a stronger angular dependency (SI, Figure S15 ). The calculated exchange energy ΔE(S1−T1) for 1 and 2 at a 45° twist angle is 0.08 eV (645 cm -1 ), while S1 and T1 states are approximately degenerate at full rotation.
The photophysical properties of the materials 1 and 2 were investigated using absorption and photoluminescence (PL) spectroscopy. CAAC and carbazole ligands show π-π* absorptions up to 360 nm which overlap with a broad ligand-to-ligand charge transfer LLCT Table S2 ). Compared to 1, the UV/vis profile of 2 in THF solution is red-shifted by 6 nm.
Molar extinction coefficients for 1 and 2 at CTmax in THF are ~1 -2 × 10 3 M -1 cm -1 , somewhat lower than those observed for Au and Cu analogues (~ 5 ×10 3 M -1 cm -1 ) [5] and consistent with reduced HOMO-LUMO overlap owing to the larger C1-N2 distance. The position of the CT absorption edge blue-shifts by >50 nm (350 meV) with increasing solvent polarity, from benzene (dipole moment 0 D) to acetonitrile (3.92 D) , and the relative extinction coefficient of the CT transition decreases. Right: emission spectra (λexc = 380 nm) for 2 in various environments. Films were drop-cast from THF solutions and annealed at 80 °C for 5 min.
The steady-state PL properties, of 1 and 2 depend on the environment (Tables 2, SI Table   S2 ). At 298 K both compounds exhibit broad and featureless green to yellow emissions, characteristic of CT-type excitations and consistent with calculations. Intact crystalline samples of 1 and 2 show low quantum yields (up to 17%) which are significantly improved by grinding (to 33%) or by drop-casting as thin films (to 45%). Processing samples in this way leads to a red shift by 30 nm compared to the as-crystallized sample (Figure 2 ; SI, Figures S9, S10 ), indicating that in the amorphous state lower-energy conformations are being accessed.
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The emission peaks of 1 and 2 in a polymer matrix red-shift less than in neat solid films.
The largest shift, by up to 85 nm (380 meV) compared to as-crystallized samples, occurs in solution. Solvent polarity induces a much smaller shift (by 20 nm, 85 meV), which suggests that geometric relaxation in the excited state is more important than stabilization by solvent dipoles.
The contrast between excitation from the ground state versus relaxation from the excited state (350 meV vs. 85 meV shift with polarity) is in qualitative agreement with calculations indicating a reduced electric dipole moment in the excited state (11.9 D in the ground state vs. -4.9 D in S1
geometry for 1). [17, 18] By contrast, organic TADF materials often show red-shifts of 100 nm or more with increasing polarity of solvent or polymer matrix. [17] PL quantum yields in degassed solutions drop from 74% (55%) to 19% (8%) for 1 (2) as solvent polarity increases. In deoxygenated solutions 1 and 2 exhibit monoexponential decays with lifetimes of ~200-500 ns (Table 2 and SI, Figure S13 ), implying radiative rate constants exceeding 10 6 s -1 at 300K. The emissions are strongly quenched by O2, indicating the involvement of triplet states in the decay mechanism.
In solid films at 50 K, steady-state emission spectra of 1 and 2 blue-shift and develop additional structure (Figure 3a and SI, Figure S11 ). To understand this behavior, we turn to transient PL over a range of temperatures, measured using an electrically-gated ICCD camera.
Figure 3b presents time-resolved PL decays for amorphous films of complex 2 (for decays of 1 see Figure S14 ). PL transients are characterized by non-exponential kinetics over three distinct time regimes -nanosecond (I), microsecond (II) and 100s of microseconds (III), with the latter significant only at low temperatures. The early-time decay (τI = 4 ns) exhibits no significant T dependence, but these lifetimes are likely limited by the ICCD instrument response (~ 3 ns). We assign (I) to prompt fluorescence, with an estimated energy in excess of 2.92 eV. Spectral deconvolution indicates that its emission spectrum is blue-shifted compared to that at later times ( Figure 3a) . Luminescence in regime (II) is unstructured and thermally activated, with an activation energy of 84 meV for 2 (108 meV for 1, Figure S12 ) and lifetimes ranging from τII = 420 ns at 300K to 20 μs at 50 K (380 ns to 11 μs for 1, Figure S14 ). This is consistent with a TADF-type emission process. We thus assign regime (II) to TADF from the reservoir of 3 CT states created following intersystem crossing from the photoexcited singlet. [19] We attribute the nonexponential decay to emission from an ensemble of such CT states in different local configurations within the solid film, consistent with a gradual red-shift in emission during the decay. This regime 7 accounts for > 90% of total emission at room temperature (note that the delayed fluorescence spectra at 50 and 298 K and the neat film spectrum are essentially superimposable, Figures 2 and   3a and SI, Figure S14 ). The time-averaged spectra closely match electroluminescence from OLED devices (vide infra). Peak emission energy in this regime blue-shifts at lower temperature ( Figure   3c ), with a greater shift for 1 than for 2. We interpret this as a reduced capacity for geometrical relaxation of the excited state, restricting both 1 CT and 3 CT manifolds to higher energy. Below 150 K, a weak third component is distinguishable at long times (τIII > 100 μs). The associated emission spectra are highly structured, and we assign (III) to phosphorescence from a local excitation on the carbazole 3 LE state. The energy of the 3 LE state was estimated from the emission spectrum at 50K obtained after a time delay of 250 µs and found to be 2.92 eV for 1 and 2.88 eV for 2, and it is thus accessible to excitations at the high-energy edge of the CT manifold. We conclude that at ambient temperature the PL of both compounds 1 and 2 is dominated by a TADF-type process with low activation energy and rapid (sub-microsecond) triplet harvesting, rendering them promising candidates for OLED applications. To this end, both thermally-evaporated and solution-processed fabrication routes were explored.
Thermal vacuum deposition is the industry-preferred fabrication process, offering greater control and reproducibility at the expense of greater complexity and higher demands on thermal stability. The vapor-deposited OLED devices with architecture shown in Figure 3e give green emissions, with EL peaks dependent on dopant concentration. OLEDs with 20 wt-% and 50 wt-% dopant in 1,3-bis(9-carbazolyl)benzene (mCP) show EL peaks at λem = 502 (1, Figure 3g ) and 509 9 nm (2, Figure 3h ). Host-free devices show EL peak broadening and a red-shift to 521 nm, while the EL spectra closely match the microsecond-regime PL spectra. Figure S15 shows current density-voltage and luminance-voltage characteristics of evaporated devices with varying dopant concentrations. High external quantum efficiencies (EQEs) (for 2: 12.9% at 100 cd/m 2 and 10% at 1000 cd/m 2 ) are achieved, with good roll-off characteristics. The maximum EQE is higher at low current-densities, indicating good charge balance, which is supported by the low turn-on voltage (Table 3) .
Solution processing employed a multilayer OLED structure with all four organic layers being processed using orthogonal solvents, resulting in peak EQEs of 3.8% and 11.0% for 1 and 2, respectively (Figures 3d and S15 ). Compared to vacuum-processed OLEDs the EL spectra are red-shifted, [20] and solution-processed devices made from 2 showed slightly increased roll off (11.0% at 200 cd/m 2 and 8% at 1000 cd/m 2 ), higher turn on voltage and reduced EQE at low current densities due to a slight imbalance in charge injection. This is to be expected given the difficulty in precisely controlling injection layer thickness in multilayer solution-processed architectures. as-yet little tapped resource for emitter materials.
